The differentiation of adipose precursor cells is accompanied by the acquisition of adipocyte-specific messenger (m) RNAs allowing characteristic changes in protein composition. The development of methods for cloning and characterizing individual genes has provided the opportunity to study selective gene expression by adipocytes at the molecular level. In this review, the information obtained to date regarding transcriptional and post-transcriptional regulatory mechanisms utilized by adipocytes is summarized. Included are descriptions of conserved DNA sequences found in noncoding regions of adipose genes and of how protein-DNA interactions at these regions are thought to regulate the initiation of transcription. Among the transcription factors implemented in regulation of adipocyte-specifie gene expression are the protein product of the protooncogene c-fos, the triiodothyronine receptor and steroid hormone receptors. Data also are discussed that indicate that RNA editing and determinants of mRNA stability contribute to the adipocyte phenotype. It is hoped that a review of the regulatory aspects of gene expression during adipocyte differentiation will identify areas deserving further study by researchers interested in understanding adipose development.
Introduction
Concerted efforts are ongoing to enhance the rate and efficiency of muscle growth by increasing lean tissue and decreasing adipose tissue in meat animals. Studies utilizing cell culture techniques have provided insight into the regulation of adipose tissue development. Primary cultures of preadipocytes and cultures of established preadipocyte cell lines appear to be valid models of adipose tissue development in vivo (Green and Kehinde, 1975; Hausman et al., 1980; Van, 1985) . The acquisition by adipose precursor cells of the morphological and biochemical characteristics of mature adipocytes is mediated by extensive reprogramming of gene expression. Hormonal factors that influence selective gene expression by adipocytes have been reviewed .
Coordinate changes in the expression of a group of genes during differentiation is thought to be mediated by both transcriptional regulation at the level of the gene and posttranscriptional regulation between the RNA and the protein product. Most studies investigating molecular mechanisms that coordinate selective gene expression during adipocyte differentiation have used established "preadipocyte" cell lines. We have attempted to put this knowledge into perspective with regard to the possible and likely gene regulatory mechanisms utilized by adipose precursor cells derived from domestic meat animals. Specific regulatory aspects will be discussed that, once understood, offer potential for intervention in the process of lipid accumulation.
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Upstream Promoter E,emeots 5' 5' I I00 bp __1 Figure 1 . Typical arrangement of DNA sequence elements controlling transcription of a eukaryotic protein-coding gene. The transcriptional start site is designated by the arrow. The region to the left (5') of the start site rqxesonts noncoding sequences. DNA-binding proteins intvtact with sequence-specific elements in the 5' noneoding region to modulate transcriptional activity. Enhancers may be located upstream or downstream of the site of transcriptional initiation.
Regulation of Transcription
The components of a typical promoter for eukaryotic genes are shown in Figure 1 . These promoters contain TATA-type elements that position the enzyme responsible for the transcription of these genes, RNA polymerase II (pol If), and direct it to initiate. Upstream of this element typically lies one or more promoter elements that bind proteins that enhance the rate of initiation by pol II. In most cases these upstream promoter elements will stimulate transcription only when positioned near a site of initiation. The third type of promoter element, an enhancer, stimulates transcription when positioned at distances both upstream and downstream of initiation sites. All three types of promoter elements are recognized by sequence-specific DNA-binding proteins commonly referred to as transcription factors. The interaction of transcription factors with specific DNA sequences and with each other is thought to regulate transcription. For more detailed review of factors controlling initiation and rate of transcription see Dyan and Tjian (1985) , and Sharp et al. (1987) . Table 1 details differentiation-dependent genes that are expressed by adipocytes. Using in vitro transcription assays, glycerol phosphate dehydrogenase (GPDH), adipsin (a serine protease homologue) and adipocyte P2 (aP2; a member of the fatty acid-binding protein family) have been shown to undergo increased transcription during adipocyte differentiation (Bernlohr et al., 1985; Cook et al., 1985b; Djian et al., 1985; Doglio et al., 1986) . A comparison of the DNA sequences 5' to the transcription start site revealed that GPDH, adipsin and aP2 contain two sets of homologies, designated fat-specific elements (FSE) 1 and 2 (Hunt et al., 1986) . FSE1 is a 14-base sequence that is present in multiple copies in the 5' flanking regions of GPDH, aP2 and adipsin (Distel et al., 1987) . FSE2 is a 21-base sequence present in a single copy in the 5' flanking regions of GPDH and aP2 (Distel et al., 1987) . These two FSE2 sequences differ only by the addition of a single guanidine in the GPDH FSE2. The presence of conserved DNA sequences in the promoter regions of three different adipocyte-specific genes suggests that these elements might confer a regulatory function.
Fos, a nuclear phosphoprotein encoded by the c-los proto-oncogene, is a major component of a protein complex that binds the FSE2 element in a differentiation-dependent manner (Distel et al., 1987; Spiegelman et al,, 1988) . Deletional analysis of the aP2 promoter and gel mobility shift assays suggest that aP2 gene activity is suppressed in undifferentiated 3T3-F442A cells as a result of Fos or antigenically related proteins or both binding to the FSE2 DNA sequence (Distel et al., 1987) . Within the aP2 FSE2 sequence Fos complexes bind DNA containing the sequence TGACTCA previously identified as the binding site of mammalian transcription factor AP-1 and yeast transcription factor GCN4 (Struld, 1987; SassoneCorsi et al., 1988) . AP-1 is a transcription factor that acts positively or negatively at a number of enhancers and is thought to mediate phorbol ester-stimulated gene expression (Lee et al., 1987) . Immunocytochemicai analysis of porcine stromal-vascular (SV) cell cultures indicates that cyclic (c) AMP-stimulated Fos protein expression occurs only in undifferentiated cells (H. R. Gaskins, unpublished data). These results agree with observations using 3T3-F442A cells and suggest that Fos exerts a negative regulatory effect on adipocyte gene expression.
Although the precise molecular mechanism by which Fos represses transcription remains obscure, it is clear that Fos often is associated with other DNA-binding proteins, including AP-1, in nucleoprotein complex (Curran et al., 1985; Franza et al., 1988; Rauscher et al., 1988) . Indeed, Fos is hypothesized to be a member of a new category of DNA-binding proteins that share a "leucine zipper" motif (Landschulz et al., 1988) . It is thought that the leucine repeat motif might allow dimerization of different proteins so long as each contains 
the motif. Furthermore, participation in a nucleoprotein complex allows the possibility that Fos may confer cell-type specific gene expression by interacting with cell-type specific nuclear proteins. The major protein correlate of cell phenotype consistently has been shown to be those proteins localized in the nucleus (Fey et al., 1984) . Identification of preadipocyte or adipocyte-specific nuclear proteins that are capable of binding specifically to Fos might expedite attempts to inhibit function of these cells. The potential role of Fos in adipocyte differentiation necessitates a brief preview of its regulation. Expression of the c-fos gene is induced rapidly and transiently with a variety of agents in a number of cell types (Verma and Sassone-Corsi, 1987) . The DNA sequences in the c-los promoter mediating transcriptional activation have been grouped into three types of regulatory elements: the TATA box and two upstream elements required for basal transcrip- 1988 . ~ and Sul, 1988 . PSpiegelman and Greeen, 1980 . qSpiegelman and Farmer, 1982 . rSpiegelman et al., 1983 . SZezulak and Green, 1985 .
ton (Monuniny et al., 1986; Fisch et al., 1987) . One element containing the sequence TGAC-GTA/T resembles the consensus sequence of cAMP-regulated promoters (Montminy et al., 1986; Bravo et al., 1987) . Moreover, the c-los gene is inducible with agonists of adenylate cyclase, presumably due to cAMP-binding protein interacting with the cAMP responsive element in the promoter region of the c-fos gene (Montrniny and Bilezikjian, 1987 ). An inhibitory role for cAMP in adipocyte differentiation is supported by the findings of Spiegelman and Green (1981) , Bhandari and Miller (1985) and Dobson et al. (1987) . Agents that increase cAMP content reduce levels of functional mRNA for lipogenic enzymes in 3T3-F442A and 3T3-L1 cells. It has not been determined whether the inhibition of adipose gene expression by cAMP is mediated by Fos.
An upstream enhancer region also has been identified in the c-fos promoter that is required for induction of the c-los gene with serum, phorbol esters or epidermal growth factor (EGF Prywes and Roeder, 1986; Greenberg et al., 1987) . This enhancer region is commonly referred to as the serum response element (SRE), and two aspects of its regulatory function have relevance to adipocyte differenti-ation. First, the SRE appears to mediate the response to proliferative agents such as EGF. Adipocyte precursor strains exhibit high-affinity receptors for EGF during their early proliferative phase in culture, which decrease in number with ceil maturity (Forgue-Lafitte et al., 1982) . Expression of c-los increased in Swiss 3T3 cell cultures after adding EGF and insulin (RebiUard et al., 1987) . Furthermore, EGF inhibited differentiation of adipocyte precursors in rat primary cultures (Serrero, 1986 (Serrero, , 1987 (Mohun et al., 1987) . In general, a decrease in actin gene expression accompanies adipocyte differentiation (see Table 1 ). Regulatory sequences in actin genes expressed by preadipocyte cell lines have not been identified. However, in vertebrates the two major cytoskeletal actins, beta and gamma, are encoded by a pair of related genes that are expressed by all cell types (Mohun et al., 1987) . The presence of a common regulatory element (SRE) in two genes (c-los, actin) expressed by preadipocytes may coordinate a decrease in their expression during adipocyte differentiation. Identification of preadipocytespecific nuclear proteins that are capable of binding the SRE element might allow manipulation of these cells to control their differentiation. Triiodothyronine (T3) stimulates differentiation in preadipocyte cell lines and in primary cultures of SV cells (Zezulak and Green, 1986; Deslex et al., 1987; Hausman et al., 1989) . The molecular mechanisms underlying this hormonal effect have not been identified. There is general agreement that the actions of 3T3 are mediated by a nuclear receptor, recently suggested to be the cellular proto-oncogene cerb-A protein product (Sap et al., 1986; Weinberger et al., 1986) . The T3-receptor complex is thought to interact with either specific DNA sequences or DNA-protein complexes to selectivity induce expression of target genes.
Indirect evidence suggests that interactions between the T3-receptor and Fos might be important for selective gene expression. DNA sequence-specific regions necessary for T3-receptor binding in adipose genes have not been identified; however, sequences with striking homology to the T3-receptor binding site in the growth hormone gene are present in multiple copies in the regulatory regions of adipsin, GDPH and aP2 (Hunt et al., 1986) . Furthermore, these potential T3-receptor binding sites are found in close proximity on both the 5' and 3' side of the Fos binding site in the aP2 gene promoter region. Because Fos appears to repress transcription of aP2, and because T3 stimulates adipocyte differentiation, transcriptional activation of some adipose genes would occur by an exchange of Fos and T3-receptor at key regulatory regions. A putative T3-receptor binding site also is present in the regulatory region of the c-los gene (Hayes et al., 1987) . No information is published on .the effect of T3 on c-los gene expression by adipocyte precursor cells. There is some indication that tissue-specific T3 receptors exist (Benbrook and Pfahal, 1987) . Thus, detailed analysis of T3-receptor structure and function in presumptive adipocytes will be necessary to characterize its ability to selectivity activate adipocyte-specific genes.
There is considerable homology between the DNA-binding domain of T3-receptor and steroid hormone receptors of the mouse, rat, chicken and human (Benbrook and Pfahal, 1987) . Molecular mechanisms of steroid hormone-dependent adipocyte gene expression have received limited attention, although steroid hormones are one of the most potent inducers of adipose differentiation, and steroid hormone receptor proteins are among the best understood lranscription factors in eukaryotic cells. The potency of steroid hormones is exemplified by the routine use of dexamethasone (a synthetic glucocorticoid) either alone or with a phosphodiesterase inhibitor (isobutylmethylxanthine) to trigger adipocyte differentiation both in cell lines and primary SV cultures (Ringold et al., 1986; Serrero, 1986; Hentges and Hausman, 1987) . Addition of hydrocortisone increases the mRNA content for glutamine synthetase in 3T3-L1 cultures and dexamethasone addition to TAI cells leads to an accumulation of adipocyte-specific mRNAs (Chapman et al., 1984; Miller et al., 1987) . Ringold et al. (1986) demonstrated that the accumulation of adipocyte-specific mRNAs in TA1 cells in response to dexamethasone was due to an acceleration of transcriptional activation of adipose-inducible genes.
How dexamethasone increases transcription of adipocyte-specific genes has not been addressed. In general, the effect of steroid hormones on specific gene transcription is mediated by receptors to which the hormones bind with high selectivity and affinity. Activation of wanscripton results from binding of the hormone-receptor complex to specific DNA sequences of inducible genes (Yamamoto, 1985) . Most glucocorticoid-inducible genes contain one or more 15 bp glucocorticoid response elements (GRE) with the core sequence TGTTCT. Cook et al. (1988) recently demonstrated that a GRE core sequence in the 5' flanking region of the aP2 gene in 3T3-L1 preadipocytes may be responsible for induction of the aP2 gene by dexamethasone. Potential GRE also axe found in the promoter regions of GPDH and stearoyl-CoA desaturase (Phillips et al., 1986; Cook et al., 1988) . Interestingly, the gene encoding adipsin, which is expressed later in the differentiation program of 3T3 preadipocytes than a aP2 or GPDH genes, does not contain sequences with homology to the GRE core sequences but does contain the FSE sequence. On the other hand, aP2 and GPDH gene promoters contain both GRE and FSE sequences (Distel et al., 1987; Cook et al., 1988) . Cook et al. (1988) suggest that "the combination of spatial arrangement of regulatory elements in adipose-specific genes may be important in determining not only the level of expression but also the time when a gene is expressed in the developmental program."
Transforming growth factor-beta (TGFbeta) prevents differentiation of 3T3 preadipocytes (Ignotz and Massague, 1985) and lipid filling in porcine SV cultures (Richardson et al., 1989) . TGF-beta also stimulates the synthesis of several extracellular matrix components such as types I, III and V collagen and fibronectin in fibroblastic cells (Ignotz et al., 1987; Sporn et al., 1987) . Adipose precursor cells predominantly synthesize types I and III collagen, and collagen typing has been used as a means of identifying the cellular origin of adipocytes (Green and Meuth, 1974; Plaas and Cryer, 1980; Verrando et al., 1980; Cryer and Van, 1982) . The relationship between extracellular matrix protein synthesis and adipocyte differentiation, however, remains unclear. Adipose precursor cells of human, rat and bovine origin lose their capacity to synthesize collagen as differentiation proceeds (Plaas and Cryer, 1980; Cryer and Van, 1982) . Transcription of collagen genes was detected in nuclei of undifferentiated 3T3-F442A cells and the rate of transcription did not change during the first 10 d of adipose conversion (Djian et al., 1985) . Rossi et al. (1988) have recently shown that a nuclear factor 1 (NF1) binding site mediates the transcriptional activation of a type I collagen promoter by TGF-beta in mouse NIH 3T3 fibroblasts. Nuclear factor 1 initially was identified as a cellular factor stimulating in vitro replication of adenovirus DNA; however, NF1 binding sites have now been identified in several viral and cellular promoters (Nagata et al., 1983; de Vries et al., 1985; Hennighausen et al., 1985; Nowock et al., 1985; Rosenfeld and Kelly, 1986; Schneider et al., 1986) . This cellular factor, therefore, has a role both in DNA replication and in transcription.
Other hormones, such as insulin and growth hormone, also appear to regulate adipose gene expression at the transcriptional level Doglio et al., 1987; Paulauskis and Sul, 1988) . However, little is known about sequences responsible for transcriptional activation by insulin and growth hormone, or cellular factors that interact with these hormones to modulate transcription.
Post-Transcriptional Regulation of Adipocyte Gene Expression
In addition to regulation of gene expression at the level of transcription, there is increasing evidence that post-transcriptional regulatory mechanisms including alternative RNA splicing, mRNA polyadenylation tail site selection, and determinants of mRNA stability contribute to cell type diversity. Numerous reviews (Brawerman, 1987; Breitbart et al., 1987; Maniatis and Reed 1987; Sharp, 1987) detail three mechanisms, which are summarized below.
Initial pol II RNA transcripts in the nucleus are in the form of heterogenous nuclear RNA (hnRNA). Most hnRNA contain in.on sequences representing the non-protein coding portions of genes. Before those hnRNA transcripts destined to become message are exported to the cytoplasm, introns are removed and the remaining exons are spliced together. Thus, different mRNA species can arise from the same primary hnRNA transcript by the alternate inclusion or exclusion of individual exon sequences, a process known to generate protein diversity in most cell types. Included in the products produced from alternatively spliced mRNA are proteins of the contractile apparatus, extracellular matrix and cytoskeleton, as well as membrane receptors, peptide hormones and enzymes of intermediary metabolism (Breitbart et al., 1987) .
Before intron removal and splicing occurs, the 5' end of hnRNA is capped with a 7-methylguanosine residue, and a poly (A) tail consisting of between 100 and 200 adenylic acid residues is added to the 3' end terminus. The nucleotide sequence of the 3" untranslated region influences the rate at which eukaryotic mRNA is degraded in the cytoplasm. For example, an AU-rich sequence in the 3" untranslated region of many proto-oncogenes, including c-los, lymphokine and cytokine mRNAs, is associated with short half-lives (Shaw and Kamen, 1986) . Another c-los instability determinant is located in the protein-coding segment of c-fos mRNA, and the c-los transcript is targeted for rapid decay by two distinct mRNA degradation pathways (Shyu et al., 1989) .
Results from several studies indicate that post-transcriptional regulatory mechanisms are operative during differentiation of adipose precursor ceils (Cook et al., 1985a,b; Doglio et al., , 1987 Dobson et ai., 1987) . For example, the ratios of transcripton to mRNA concentration are similar for GPDH and actin in 3T3-F442A adipocyte nuclei, whereas concentrations of mRNAs for aP2 and adipsin are greater than would be expected from their relative transcription rates (Cook et ai., 1985b) . The poor correlation between relative transcription rate and mRNA concentrations for aP2 and adipsin are due, at least in part, to the greater stability of their mRNAs, relative to those of GPDH and actin. The factors that control mRNA stability in preadipocytes and adipocyms have not been determined. In fact, information on the enzymes and other factors involved in the mRNA decay process in any eukaryotic cell type is still very limited.
Multiple RNA species for GPDH (Dobson et al., 1987) , adipsin (Cook et al., 1985a) and IGF-1 (Doglio et ai., 1987) have been detected in adipocyte cell lines. Minor GPDH RNA species were detected in 3T3 adipocytes with a probe complementary to genomic GPDH sequences that recognized only a single gene in blot hybridizations with mouse genomic DNA (Dobson et ai., 1987) . Furthermore, the minor GPDH RNA species were not detected with a small probe from the extreme 3' end of the major GPDH RNA species, suggesting either alternative splicing, utilization of alternative polyadenylation sites, or that the minor species are degradation products.
Two adipsin mRNAs are expressed during differentiation of 3T3-F442A cells that correspond to a refine protease homologue that can be synthesized with two different signal peptides (Cook et al., 1985a) . The two mRNAs are present in equal abundance and a model is presented by Cook et al. (1985a) . The two mRNAs are present in equal abundance and a model is presented by Cook et al. (1985a) that supports the possibility that the two adipsin mRNAs arise by alternative splicing of one gene via two possible 3' splice acceptor sites.
The appearance of multiple IGF-1 mRNA species of approximately 15, 7.5, 1.5 and .8 kb were observed at confluence in Ob1771 cell cultures (Doglio et al., 1987) . The same multiple species of IGF-1 mRNA were detected in rat adipose tissue (Doglio et al., 1987) . Doglio et al. (1987) suggest that the multiple mRNAs could be due to differential splicing or termination of a single primary transcript, or to the differential use of multiple promoters. Several results support the former possibility. First, the order of appearance and disappearance of the various RNA species in adipose cells was 15 kb, 7.5 kb, 1.5 kb and finally .8 kb. Second, multiple IGF-1 mRNAs were generated by alternative splicing of a primary transcript encoded by a single gene in the mouse and human (Matthews et al., 1986; Rotwein et al., 1986) . The significance of the multiple IGF-1 RNAs in adipose ceils, and which of these species migrates to the cytoplasm and is translationally competent, remains to be determined. Transcriptional rate of the IGF-1 gene in Ob1771 cultures is increased greatly by exposure to GH (Doglio et al., 1987) . This increase in transcriptional rate, however, does not totally account for the larger increase in IGF-1 mRNA levels, further supporting the idea that post-transcriptional mechanisms also provide the point of regulation for IGF-1 gene expression. Thus, IGF-1 synthesis by adipocytes may exemplify the multiple levels at which gene expression may be regulated in a differentiation-dependent manner.
Certainly adipocyte differentiation also is dependent on other variables operating at higher levels of the cell and the organism. A complete understanding of adipose tissue development will not be gained until each level of control is assimilated. This review has focused on transcriptional and post-transcriptional levels of gene expression. The complexity of gene expression regulation during adipocyte differentiation provides a formidable challenge to researchers interested in understanding adipose development. However, the complexity of this system also enhances the possibility of identifying cell-type specific regulatory factors that eventually might be manipulated to control adipogenesis.
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